To determine prognostic factors and optimal timing of postoperative radiation therapy (RT) in adult low-grade gliomas.
L ow-grade gliomas (LGGs) are primary brain tumors classified as World Health Organization (WHO) grade I or II. 1 LGGs are most often diagnosed in children and young adults, but can occur at any age. Outcomes are highly variable based on prognostic factors reported primarily by retrospective reviews. [2] [3] [4] Although a small number of prospective trials have been conducted, [5] [6] [7] [8] the optimal use and timing of radiation therapy (RT) remains controversial.
Prospective data from European Organization for Research and Treatment of Cancer (EORTC) 22845 reported improved progression-free survival (PFS) but not overall survival (OS) with postoperative RT. 5, 7 We previously conducted a retrospective study of adult LGG patients seen at Mayo Clinic between 1960 and 1992 with long-term follow-up (median 13.2 y). 9 Our study confirmed the generally accepted PFS and OS benefit of extensive surgical resection. In contrast to EORTC 22845, postoperative RT was associated with improved OS and PFS in the large number of patients receiving less aggressive resections. In the present study, we extend our previous findings with an analysis of adults diagnosed with LGG at Mayo Clinic between 1992 and 2011. The goal of this study is to evaluate prognostic factors and treatment outcomes in adult LGG patients, with attention to the controversial role of RT in treating these tumors.
MATERIALS AND METHODS

Records from 554 adults diagnosed at Mayo Clinic with
LGG between 1992 and 2011 were reviewed. Patients were at least 18 years of age with a WHO grade II glioma confirmed by review of pathology specimens by a Mayo Clinic neuropathologist. Neurofibromatosis type 1 patients were excluded from this study. Data including symptoms, extent of surgery, postoperative treatment, histologic classification, and other prognostic factors were recorded.
Postoperative imaging and operative reports, if postoperative imaging was not available, were used to determine the extent of surgical resection. Postoperative imaging was available for 387 patients (70%), which was concordant with neurosurgeon's impression in 378 cases (98%). All 9 patients with discordance between operative reports and postoperative imaging were apparent gross total resections (GTRs) that postoperative imaging revealed to be radical subtotal resections (rSTRs). GTR was defined as no evidence of remaining tumor after excision. If GTR was unsuccessful but >80% of the tumor was removed, it was classified as rSTR. If debulking was attempted but < 80% of the tumor was removed, it was classified as subtotal resection (STR). If tumor tissue was solely obtained for diagnostic purposes and no effort was made to reduce size, it was classified as biopsy only.
Tumors were graded by WHO standards. 1 Grade I tumors were excluded from this study. Grade II tumors included: astrocytomas (diffuse and gemistocytic), oligodendrogliomas, and mixed oligoastrocytomas. Progression was identified by clinical assessment, imaging, pathology reports, or other additional treatments. The Mayo Clinic Institutional Review Board approved this study. Status of 1p/19q was assessed using fluorescent in situ hybridization routinely performed in oligodendrogliomas and oligoastrocytomas diagnosed at Mayo Clinic since 2003.
Statistical Analysis
Univariate and multivariate analysis of prognostic factors was performed to determine associations with OS and PFS. Factors chosen based on importance in previous studies 2,3,6-9 included: age, symptom duration and character, tumor size, location, histology, surgery, RT, and grade.
PFS and OS curves were created using the Kaplan-Meier method and compared using the log-rank test. 10 The Cox proportional hazards model was used for multivariate analysis. Deaths occurring without documented recurrence were considered censored observations for recurrence at the time of death. This assumes all patients with unknown disease status at death or last follow-up died of disease. All tests performed were 2-tailed. Relationships between prognostic factors and extent of surgery or postoperative RT were analyzed with the w 2 test and Fisher exact test.
RESULTS
Patient, Tumor, and Treatment Characteristics
Patient, tumor, and treatment characteristics are summarized in Table 1 . Most patients (539/554; 97%) had supratentorial tumors. For chemotherapy, 44 patients received a combination of procarbazine, lomustine, and vincristine, and 30 received temozolomide. The median total dose of radiation delivered was 54 Gy (range, 45 to 72 Gy), delivered in (median) 30 fractions over (median) 40 days. The most common total doses were 54 Gy in 88 patients, 50 to 50.4 Gy in 42, and 59.4 Gy in 26.
Recurrence and Progression Outcomes
Median follow-up was 5.2 years. Recurrence occurred in 330 patients. The 5-, 10-, and 15-year PFS rates were 42%, 19%, and 13%, respectively ( Fig. 1A ). Median PFS was 4.1 years. Adverse prognostic factors on univariate analysis for PFS included deep location, tumor size Z5 cm, astrocytoma histology, STR/biopsy only, and sensory/motor symptoms ( Table 2 ). Neither postoperative RT nor chemotherapy were associated with PFS on univariate analysis. On multivariate analysis, adverse prognostic factors for PFS included tumor size Z5 cm, astrocytoma histology, STR/biopsy only, and not receiving postoperative RT ( Table 2) .
Patients undergoing rSTR or GTR had similar PFS (P = 0.26) and were grouped together for the remainder of this study. Patients undergoing STR had lower PFS than biopsy only (10-year PFS 8.2% with STR vs. 17% with biopsy; P = 0.02). However, because of grouping of STR and biopsy only patients in past studies 9 along with the overall poor PFS in these patients, we kept the same convention and grouped them for our PFS analysis.
Extent of resection was strongly associated with PFS. Ten-year PFS for GTR/rSTR versus STR/biopsy only was 27% and 14%, respectively (P < 0.0001; Fig. 2A ). Factors associated with surgery achieving less than rSTR analyzed by w 2 analysis included patients older than 40 years (P = 0.0001), sensory/motor symptoms (P = 0.02), astrocytoma histology (P < 0.0001), and deep location (P < 0.0001).
Postoperative RT was not associated with PFS overall (P = 0.24; Fig. 2C ). However, it was associated with improved 5-year PFS (41%) versus no postoperative RT (18%) in patients receiving STR/biopsy only (P < 0.0001; Fig. 3C ). Factors associated with postoperative RT are summarized in Table 3 .
No significant association was found between postoperative chemotherapy and PFS (P = 0.06).
Survival Outcomes
The median OS for the cohort was 11.4 years (range, 1 mo to 18.3 y), representing 178 deaths. The 5-, 10-, and 15-year OS rates were 81%, 56%, and 34%, respectively ( Fig. 1B) . Overall, 140 patients died with residual or progressive tumor and 38 died with unknown disease status. No patients documented died with no evidence of disease. At last documented contact, 148 patients were alive without disease, 216 were alive with disease, and 12 were alive with unknown disease status. When extent of surgical resection was analyzed, we found no difference in OS between GTR and rSTR (P = 0.13) and found no difference in OS between STR and biopsy only (P = 0.48). Hence, we grouped GTR and rSTR and grouped STR and biopsy for OS analysis. Ten-year OS for patients undergoing GTR/rSTR was 66% compared with 48% for STR/ biopsy only (P < 0.0001; Fig. 2B ).
Adverse prognostic factors for OS identified on univariate analysis included age 40 years or older, deep tumor, size Z5 cm, astrocytoma histology, STR/biopsy only, sensory/ motor symptoms, and postoperative RT ( Table 2 ). Postoperative chemotherapy was not associated with OS (P = 0.49). On multivariate analysis, factors associated with lower OS included astrocytoma histology and postoperative RT ( Table 2) . Extent of resection was not associated with OS on multivariate analysis. To understand this lack of significance, we conducted an exploratory multivariate analysis without RT as a variable. With RT removed, we found similar results to univariate analysis with age 40 or older, astrocytoma histology and STR/ biopsy only being associated with lower OS (all P < 0.05) on multivariate analysis. Most notably, those receiving STR/ biopsy only had a significantly increased risk of death (relative risk, 1.84; 95% confidence interval, 1.3-2.7; P = 0.0005).
Overall, those receiving postoperative RT had lower 10-year OS (45%) than those not receiving postoperative RT (73%; P < 0.0001; Fig. 2D ). Patients who underwent STR/ biopsy only that received postoperative RT also had lower 10-year OS (46%) than those not receiving RT (60%; P = 0.03; Fig. 3D ). This was also seen in patients undergoing GTR/rSTR (10-year OS, 45% vs. 78%; P = 0.0005; Fig. 3B ). Postoperative RT was associated with reduced OS after GTR/ rSTR (median, 9.4 y) and after STR/biopsy (median, 8.7 y) to similar rates (P = 0.23). Patients receiving postoperative RT had more adverse prognostic factors on univariate analysis (Table 3 ). In the 147 patients receiving postoperative RT who died, 107 died with residual or progressive tumor. In the remaining 32 patients, the cause of death was unknown and occurred a median of 2.3 years (range, 0.3 to 9.1 y) after last follow-up. At last follow-up of these patients, 7 had no 
Radiation Dose
The median dose (54 Gy) was chosen as a cutoff to determine the effect of radiation dose on outcomes. There was a trend toward improved OS in those receiving at least 54 Gy versus those receiving less (10 years, 48% vs. 20%; P = 0.08). However, no significant difference was seen in PFS, (10 years, 22% vs. 12%; P = 0.82).
Postoperative Imaging
Postoperative imaging confirmed the neurosurgeon's impression in 378 cases (98%). All 9 cases of discordance were GTRs by operative reports that postoperative imaging revealed to be rSTRs. There was only 1 recorded death of the 9 cases of discordance, limiting our ability to meaningfully assess differences in outcomes with statistical analysis.
OS 5 years after GTR determined by neurosurgeon's impression was 92% versus 92% with postoperative imaging.
Five-year OS after rSTR by neurosurgeon's impression was 92% versus 90% with postoperative imaging. Rates for STR and biopsy were identical. PFS 5 years after GTR determined by neurosurgeon's impression was 49% versus 48% with postoperative imaging. Five-year OS after rSTR by neurosurgeon's impression was 53% versus 55% with postoperative imaging. Again, rates for STR and biopsy were identical.
Recurrence
In the 330 patients with documented recurrence, 156 presented with symptoms. Radiographic confirmation was documented in 329. One hundred sixty-four patients underwent confirmatory biopsy, revealing higher-grade transformation in 103. Development of higher-grade transformation was not associated with extent of surgical resection (P = 0.73) or postoperative RT (P = 0.74). At recurrence, 61% of patients with higher-grade transformation received postoperative RT and 57% of patients without transformation received postoperative RT. Treatment of recurrence was documented in 277 patients. At recurrence, 203 received chemotherapy, 128 received RT, 119 underwent surgical resection, and 7 received no treatment.
Chemotherapy at recurrence was not associated with OS (P = 0.44). Those undergoing surgical excision for recurrence had higher 10-year OS (56%) compared with those not receiving surgery (41%; P = 0.047). RT at recurrence was associated with better 10-year OS (59%) versus patients not receiving RT at recurrence (39%; P = 0.0001). Patients delaying RT until recurrence compared with those receiving RT postoperatively had higher OS (10-year OS, 71% vs. 48%; P = 0.0005). However, because of associated adverse prognostic factors, postoperative RT versus delayed RT was not associated with OS on multivariate analysis (P = 0.11). Ten-year OS with delayed RT (71%) was not significantly different from lower-risk patients never receiving RT, including those without recurrence (74%; P = 0.39; Fig. 4B ). Factors associated with delaying RT until recurrence included age <40 years (P = 0.008), GTR/rSTR (P < 0.0001), non-astrocytoma histology (P = 0.0008), and non-deep tumor location (P = 0.01). On univariate analysis, prognostic factors previously assessed including age > 40 years, symptoms, histology, and deep location were not significantly different between delayed and no RT (all P > 0.05). However, GTR/rSTR (P = 0.01) and smaller tumor size (P = 0.007) were more common in those never receiving RT.
DISCUSSION
There is uncertainty regarding optimal treatment regimens in adult LGG. The goal of this study was to provide further information on prognostic factors and optimal treatment for LGG patients. With a cohort of 554 patients, this is one of the largest studies conducted retrospectively on adults with LGG.
Surgery has an important role in treating LGG. Our findings are consistent with previous studies 4, 6 reporting higher OS and PFS with more aggressive surgical resections (GTR/ rSTR). Generally, neurosurgeons favor maximally safe resection in LGG patients. 6, 8, 11, 12 Although GTR/rSTR was not associated with OS on multivariate analysis, it was likely masked by the strong negative association between postoperative RT and OS. When RT was removed from multivariate analysis, GTR/rSTR was strongly associated with higher OS, as expected. Unfortunately, aggressive resections are not always safely achievable. We found aggressive resections were less likely to be achieved in patients with unfavorable prognostic factors including age 40 years or greater, sensory/motor symptoms, astrocytomas, and deep tumors. In patients with incomplete resections, postoperative RT is often the next treatment considered.
However, the optimal role of postoperative RT in LGG patients is less clear. Because of radiation-related toxicities 13, 14 and the indolent nature of LGGs, some advocate delaying RT until progression. 2, 3, [15] [16] [17] [18] Postoperative RT significantly improved median PFS (3.4 vs. 5.3 y, P < 0.0001) without affecting OS in EORTC 22845. 5, 7 In contrast, we found an association between postoperative RT and lower OS on univariate and multivariate analysis. Because this study is retrospective and patients were not randomized, RT was delivered based on risk factor stratification. In general, RT was delivered to higher-risk patients undergoing less aggressive resections. Although RT remained an adverse prognostic factor for OS on multivariate analysis, not all potential prognostic factors were considered. Thus, the association between RT and lower OS is most likely confounded by adverse prognostic factors not analyzed (mental status, imaging characteristics, molecular changes, etc.), rather than a direct adverse effect of RT. Our reported low incidence of death because of radiation necrosis and no association between postoperative RT and higher-grade transformation at recurrence make radiation-related deaths unlikely to be responsible for the lower OS in those receiving postoperative RT.
Poor survival outcomes in patients receiving RT have been reported in previous retrospective studies. Olson et al 16 demonstrated a trend toward lower OS in patients receiving RT versus observation (median, 13.5 vs. 16.7 y). Leighton et al 3 reported lower OS with surgery and RT compared with surgery alone (5-year OS, 62% vs. 84%; P < 0.05). Philippon et al 18 reported 5-year OS rates of 55% with surgery and RT compared with 65% for surgery alone. Again, these results conflict with the gold-standard, prospective studies, finding no effect of postoperative RT on OS 3, 5, 7, 19 or our previous study reporting better OS with postoperative RT after less aggressive surgical resections. 9 In addition, in the lower-risk patients not receiving RT postoperatively, we found no significant difference in OS between those never receiving RT and those receiving RT at the time of tumor progression. This is particularly interesting, because patients not experiencing recurrence were included in the group never receiving RT. Our study supports the safety of delaying RT in these patients as RT at recurrence may improve OS, potentially restoring survival to rates of patients not experiencing recurrence and never receiving RT. Thus, RT at recurrence seems to be a powerful tool in a subset of patients.
The recommendation for observation, even in low-risk LGG, however, is made with little knowledge of the impact of radiologic tumor progression on the quality of life (QOL), seizure control, cognitive function, and functional status of these patients. In addition, knowledge about the predictive role molecular markers play in predicting progression is scarce. To better assess the clinical impact and meaning of tumor progression and whether observation is a reasonable strategy for low-risk LGG, the Radiation Therapy Oncology Group (RTOG) has recently opened a phase II trial, RTOG 0925, which will evaluate neurocognitive function, QOL, and seizure control over time and after tumor progression in newly diagnosed LGG patients undergoing observation alone after diagnosis. These outcomes will be correlated prospectively with molecular prognostic factors to help in further decision making.
One hundred (18%) patients received chemotherapy postoperatively. Chemotherapy was used to treat recurrence in 203 patients (62% of those with recurrence). Chemotherapy had no significant association with PFS when given postoperatively, nor was it associated with OS when given postoperatively or at recurrence. This is consistent with randomized, prospective studies. 20, 21 Temozolomide, an oral alkylating agent with proven benefits in high-grade glioma, 22 has demonstrated some promise in delaying RT in newly diagnosed LGG. 23, 24 However, the optimal duration of treatment and expected tumor response is unclear. 25, 26 It is expected that EORTC, RTOG, and Eastern Cooperative Oncology Group trials will better define the role of temozolomide in LGG.
Compared with our previous study of patients diagnosed before 1992, 9 we found higher OS (10-year rate, 56% vs. 36%) and lower PFS in the present study (10-year rate, 19% vs. 27%). Both studies highlight the importance of GTR/rSTR and found better PFS with postoperative RT in patients undergoing STR/biopsy only. However, postoperative RT was previously not associated with OS overall and was associated with improved OS in STR/biopsy only patients, in contrast to our present findings. There are a variety of differences between the studies potentially causing these discrepancies. More patients in the present study underwent GTR/rSTR (41% vs. 24%) and more received chemotherapy (18% vs. 7%). Fewer patients in this study had pure astrocytomas (22% vs. 58%) and fewer received postoperative RT (58% vs. 74%). As expected, median follow-up in the present study was shorter (5.2 vs. 13.6 y), which could account for some differences in results.
In addition to its retrospective design, our study has several limitations. Although our chosen end date made the results more applicable to modern-day LGGs, it limited our follow-up. Still, our median follow-up is appropriate given the study dates and is unlikely to significantly change our results. Postoperative imaging was not available in 30% of our patient cohort and operative reports were used in those cases to evaluate extent of resection. Although operative reports are commonly used to determine the extent of resection in the literature, they are generated from the neurosurgeon's subjective intraoperative impression, a potentially unreliable measurement. In our review of the subset of patients in which postoperative imaging was available, neurosurgeon impression had excellent correlation with postoperative imaging. Evaluation of only the subset of patients in whom postoperative imaging was available did not reveal any differences in survival outcomes by extent of resection. Other prognostic information unable to be recorded may have precluded statistically significant findings in size (51% unknown), radiographic enhancement (25%), 1p/19q (74%), p53 (not performed), and IDH1 status (not performed). Our subgroup analysis of the 133 patients with available 1p/19q status was limited in scope, but found a significant association between 1p/19q codeletions and improved OS and PFS on univariate and multivariate analysis, consistent with existing literature. 27 The currently open low-risk RTOG study, RTOG 0925, will assess molecular factors and QOL in a long-term analysis of low-grade glioma patients and will be important in establishing modern prognostic factors for low-risk patients. Furthermore, differences in patient characteristics may affect results between studies. Notably, our study cohort contained a large proportion of mixed oligoastrocytomas (34%) and oligodendrogliomas (45%), which differs from previous studies. [5] [6] [7] [8] [9] For example, EORTC 22844 and 22845 had 26% and 38% mixed oligoastrocytomas and oligodendrogliomas. This may be related to neuropathologist diagnostic preferences, but could potentially be influenced by referral bias. Survival trends were consistent with the reported histology, however, with oligodendrogliomas exhibiting higher survival than astrocytomas. Specifically, OS at 5 years was 92% for oligodendrogliomas, 77% for oligoastrocytomas, and 61% for astrocytomas. This is higher than Shaw and colleagues in 2002, reporting 5-year OS of 74% for oligo-predominant and 56% for astrocytoma-predominant tumors, though our results follow the same trend. Thus, although our histologic distribution may be different from other institutions, it seems to accurately reflect clinical prognosis. In specimens with 1p/19q data, 80% of oligodendrogliomas and 43% of oligoastrocytomas had 1p/19q codeletions, further validating our histologic classification. 27, 28 Because of their overall better prognosis compared with astrocytomas, RT in oligodendrogliomas may not improve [29] [30] [31] or could reduce 16 OS in oligo-predominant tumors.
In summary, analysis of a large cohort of patients diagnosed with nonpilocytic LGG at a single institution since 1992 reveals survival outcomes that have improved in the modern era yet still remain poor. Treatments are trending toward more aggressive surgeries and fewer patients receiving postoperative RT. Ultimately, the goal in treating LGGs should be achieving maximally safe resection. Similar to our prior report, postoperative RT seems to improve PFS in patients with less aggressive resections. Our results support our practice of immediate postoperative RT for high-risk patients, including those with deep tumors, sizeZ5 cm, astrocytomas, receiving STR/biopsy only and patients older than 40 years. The utility of RT in these high-risk patients is further highlighted by our low reported incidence of radiation-related toxicity in this subgroup of patients. In patients where delaying RT is possible, doing so seems to be safe, though our results are restricted by the retrospective nature of this study. These findings support the historic EORTC 22845 trial and further inform the prospective, observational trial conducted through RTOG for low-risk LGG (RTOG 0925). The currently open Eastern Cooperative Oncology Group study, E3F05, will be critical in addressing the long-term health outcomes of RT with or without temozolomide, with special attention to QOL and cognitive dysfunction.
